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Abstract: In this study, three magnetic ionic liquids (MILs) were investigated for extraction of four
estrogens, i.e., estrone (E1), estradiol (E2), estriol (E3), and ethinylestradiol (EE2), from environmental
water. The cation trihexyl(tetradecyl)phosphonium ([P66614 ]+ ), selected to confer hydrophobicity to the resulting MIL, was combined with tetrachloroferrate(III), ferricyanide, and dysprosium
thiocyanate to yield ([P66614 ][FeCl4 ]), ([P66614 ]3 [Fe(CN)6 ]), and ([P66614 ]5 [Dy(SCN)8 ]), respectively.
After evaluation of various strategies to develop a liquid–liquid microextraction technique based on
synthesized MILs, we placed the MILs onto a magnetic stir bar and used them as extracting solvents.
After extraction, the MIL-enriched phase was dissolved in methanol and injected into an HPLC–UV
for qualitative and quantitative analysis. An experimental design was used to simultaneously evaluate the effect of select variables and optimization of extraction conditions to maximize the recovery of
the analytes. Under optimum conditions, limits of detection were in the range of 0.2 (for E3 and E2)
and 0.5 µg L−1 (for E1), and calibration curves exhibited linearity in the range of 1–1000 µg L−1 with
correlation coefficients higher than 0.998. The percent relative standard deviation (RSD) was below
5.0%. Finally, this method was used to determine concentration of estrogens in real lake and sewage
water samples.
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1. Introduction

in published maps and institutional

Sample preparation is an important and usually mandatory step in analytical methodologies due to the complex properties of environmental matrices and low detection levels
required by government regulations. Liquid–liquid extraction (LLE) is one of the most
frequently used classical techniques for sample preparation. However, LLE is usually
considered tedious and time-consuming since it requires multiple steps [1] and consumes
toxic, organic solvents at high concentrations, thus generating large amounts of waste [2].
To overcome these problems, current trends in sample preparation are focused on use of
miniaturized techniques, among which liquid–liquid microextraction (LLME) has attracted
attention over the last few decades [3].
Ionic liquids (ILs), defined as salts with melting points below 100 ◦ C [4], have become
suitable alternatives to volatile organic solvents in extraction procedures due to their unique,

affiliations.
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tunable physicochemical properties, including low vapor pressure and thermal stability [5].
Among ILs, those based on trihexyl(tetradecyl)phosphonium chloride ([P66614 ]Cl) are
thermally stable, and typically form liquid–liquid biphasic systems with an aqueous phase,
making them suitable for use in extraction [6]. Furthermore, in comparison with ILs
based on imidazolium or pyridinium, phosphonium-based ILs, and specifically [P66614 ]Cl
are easier to synthesize, thus representing a relatively inexpensive IL on a ton-scale [7].
However, disadvantages of phosphonium-type ILs for LLME are attributed to their high
viscosity, low density, and tendency to form difficult-to-separate emulsions, all of which
complicate separation of phases and recovery of the analyte. To overcome these problems,
researchers have proposed strategies including single drop microextraction and on-line
based microextraction procedures [5,8–10].
An alternative method has been proposed by Deng et al., who used a non-dispersive
solvent microextraction based on magnetic ILs (MILs) [11]. Since then, MILs containing a
transition metal (e.g., iron, nickel, and cobalt) or rare-earth (e.g., dysprosium) ions that exhibit magnetic response [12] have been proposed for numerous analytical applications [13,14].
In particular, a combination of trihexyl(tetradecyl)phosphonium cation ([P66614 ]+ ) with
magnetic anions aids in overcoming the formation of undesirable emulsification and avoids
the centrifugation step since an external magnetic field can be used to separate and recover
the MIL phase. Several phosphonium-based MILs were synthesized by combining [P66614 ]+
with tetrachloromanganate(II), tetrachloroferrate, tris(hexafluoroacetylaceto)manganate(II),
tris(hexafluoroacetylaceto)nickelate(II), tris(hexafluoroacetylaceto)cobaltate(II), and tetrakis
(hexafluoroacetylaceto)dysprosate(III). These phosphonium-based MILs were used in microextraction procedures for determination of pharmaceutical drugs, phenolics, insecticides, lipophilic organic UV filters, and polycyclic aromatic hydrocarbons in environmental
waters [15–18]; cadmium and arsenic in honey [19,20]; estrogens in urine, milk, and
cosmetics [21,22]; pesticides in vegetables [23]; and short-chain free fatty acids in milk
samples [24].
In the present work, various MILs based on the cation [P66614 ]+ were synthesized,
characterized, and evaluated as extraction solvents for separation and preconcentration
of estrogens, before determination using HPLC-UV. Natural (estrone, E1; estradiol, E2;
and estriol, E3) and synthetic (ethinylestradiol, EE2) estrogens are classified as potent
endocrine-disrupting compounds, frequently found in natural and wastewater [25,26].
Their determination is, however, challenging due to complexity of the environmental
samples and low concentrations of these analytes [27]. Hence, using magnetic properties of
the MIL, we evaluated different microextraction strategies and optimized a microextraction
technique to their determination in wastewater and tap and lake water samples.
2. Results and Discussion
The MILs based on [P66614 ]+ trihexyl(tetradecyl)phosphonium tetrachloroferrate(III)
([P66614 ][FeCl4 ]), trihexyl(tetradecyl)phosphonium ferricyanide ([P66614 ]3 [Fe(CN)6 ]), and
trihexyl(tetradecyl)phosphonium dysprosium thiocyanate ([P66614 ]5 [Dy(SCN)8 ]) were synthesized and characterized as previously reported [11,28]. The magnetic properties of the
resulting MILs were evidenced by their strong attraction to one tesla (1T) of an external magnetic field. As an example, the effect of the magnetic field on the MIL [P66614 ]3 [Fe(CN)6 ] is
shown in Figure 1a. The viscosities at room temperature of the synthesized MILs were 0.914,
6.63, and 2.96 Pa s for [P66614 ][FeCl4 ] [11], [P66614 ]3 [Fe(CN)6 ], and [P66614 ]5 [Dy(SCN)8 ], respectively.
Using the properties of high viscosity and magnetic susceptibility of the MILs, we
evaluated various microextraction procedures to achieve the highest extraction recoveries
of the analytes. Initially, the magnetic-based technique previously reported by our group for
phenol extraction (technique #1) was tested [11]. In this procedure, the MIL was suspended
in aqueous solution and moved synchronously with an external magnet by use of an orbital
shaker [11]. In the second technique (technique #2), the MIL was also suspended in the
aqueous solution, and the solution was stirred with a stir bar. For the third microextraction
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increase in the number of alkyl chains not only resulted in a higher distribution of organic
compounds, but also in a decrease in solubility of the extracting phase in water [30]. The
MIL [P66614 ]3 [Fe(CN)6 ] was selected for further experimentation due to the lower price of
its starting components and its simpler synthesis.

Molecules 2021, 26, x FOR PEER REVIEW

4 of

where an increase in the number of alkyl chains not only resulted in a higher distributi
of organic compounds, but also in a decrease in solubility of the extracting
phase in wa
4 of 12
[30]. The MIL [P66614]3[Fe(CN)6] was selected for further experimentation due to the low
price of its starting components and its simpler synthesis.

Extraction Recovery (%)

100
80

100
(a)

E1
E2
EE2
E3

Extraction Recovery (%)

Molecules 2021, 26, 32

60
40
20
0

Technique #1

Technique #2

Technique #3

Microextraction Technique

80

(b)

E1
E2
EE2
E3

60
40
20
0

[P66614][FeCl4] [P66614]3[Fe(CN)6] [P66614]5[Dy(SCN)8]

Magnetic IL

2.(a)
Effect
of (a)magnetic-based
different magnetic-based
microextraction
techniques
and MILs
(b) different
MILs recoveries
on
Figure 2.Figure
Effect of
different
microextraction
techniques and
(b) different
on extraction
recoveries
of E1,experimental
E2, EE2, andconditions
E3, (n = 3).
experimental
of E1, E2,extraction
EE2, and E3,
(n = 3). Other
areOther
included
in Table 4. conditions are included in
Table 4.

Once the microextraction procedure and MIL were selected, we used experimen

Once the microextraction
procedure
and variables
MIL were
selected,
we used
experimental
design to identify
and optimize
that
may influence
recovery
of analytes. In th
design to identify
and on
optimize
variables
that may
influence
of analytes.
In this
study,
the basis
of the literature
and
previousrecovery
experiences
in our group,
we evaluat
theofeffects
of six factors,
includingexperiences
MIL amount,
volume,
pH, salt addition,
extra
study, on the basis
the literature
and previous
in sample
our group,
we evaluated
the
tion time,
and stirring
rate. To simplify
and reduce
number
of experiments
effects of six factors,
including
MIL amount,
sample volume,
pH,the
salt
addition,
extraction for optim
wesimplify
divided and
the reduce
design the
experiments
into
two steps: for
a fractional
factorial desi
time, and stirringzation,
rate. To
number of
experiments
optimization,
followed
by a central
(CCD). Systematic
optimization
we divided the (FFD)
design
experiments
into composite
two steps:design
a fractional
factorial design
(FFD)procedur
are performed
to find
the(CCD).
most important
variables
and to investigate
followed by a central
composite
design
Systematic
optimization
proceduresthe
arerelationsh
between
responses
andvariables
variablesand
by so-called
response
surface methodology
performed to find
the most
important
to investigate
the relationship
between (RSM) [3
After optimizing
responses,
we used
a multiple
response criteria
to simultan
responses and variables
by so-called
response
surface
methodology
(RSM) approach
[31]. After
ously
optimize
the
extraction
recoveries
of
analytes
E1,
E2,
EE2,
and
E3
into
the
optimizing responses, we used a multiple response criteria approach to simultaneously MIL pha
[32].
optimize the extraction
recoveries of analytes E1, E2, EE2, and E3 into the MIL phase [32].
As a screening step, an experimental FFD was built to determine the primary var
As a screening step,
an experimental FFD was built to determine the primary variables
bles affecting recoveries of the analytes. The variables selected were MIL amount (20–
affecting recoveries of the analytes. The variables selected were MIL amount (20–45 mg),
mg), sample volume (4.0–15 mL), pH (4.0–8.5), salt addition (2.5–15.0% (w/v) NaCl), e
sample volume (4.0–15 mL), pH (4.0–8.5), salt addition (2.5–15.0% (w/v) NaCl), extraction
traction time (15–45 min), and stirring rate (98–368 rpm). Values for each variable we
time (15–45 min), and stirring rate (98–368 rpm). Values for each variable were chosen
chosen according to previous experiments. The evaluation process consisted of analyzi
according to previous experiments. The evaluation process consisted of analyzing a water
a water sample spiked at constant quantities of the analytes and for each variable com
sample spiked at
constant quantities of the analytes and for each variable combination
nation suggested by the FFD, followed by determination of extraction recoveries in ea
suggested by the
FFD,
followed
by determination
extraction
recoveriessignificant
in each case.
case.
After
experiments,
Pareto graphsof
were
used to determine
factors. An e
After experiments,
Pareto
graphs
were
used
to
determine
significant
factors.
example
ample of the results from the use of Pareto graphs is shown inAn
Figure
3. Here, the b
of the results from
the isuse
of Pareto graphs
is shown
in Figure
3. Here,
the bar
height
height
proportional
to the absolute
value
of the effect
of each
variable
andiscan be us
proportional to the
absolute
value
of
the
effect
of
each
variable
and
can
be
used
to
compare
to compare its significance. Those variables, where effects were above the t-value a
its significance. Those
variables,
effects were
above the t-value
and Bonferroni
Bonferroni
limits,where
were selected
for optimization
procedure,
while otherlimits,
variables who
were selected foreffects
optimization
procedure,
while
effects wereShapiro–Wilk
below
were below
the t-value
limitother
were variables
consideredwhose
to be insignificant.
no
the t-value limit mality
were considered
to be
insignificant.
Shapiro–Wilk
normality
and ANOVA
and ANOVA
tests
were used to
confirm these
results through
evaluation of t
tests were used normal
to confirm
these results
evaluation
the normal
distribution
of
distribution
of thethrough
unselected
variables.of
Individual
variables
that exhibited
sign
the unselected variables.
Individual
variables
that (p
exhibited
effects
on analytical
icant effects
on analytical
response
< 0.1) of significant
the analyzed
estrogens
were pH, salt ad
tion,
time,estrogens
and stirring
rate,
as salt
welladdition,
as their interactions.
response (p < 0.1)
of extraction
the analyzed
were
pH,
extraction time, and
stirring rate, as well as their interactions.
It is well established that pH of a sample solution can significantly influence extraction
recovery, particularly when acidic or basic solutes are extracted. As weak acidic compounds,
estrogens exist in neutral form in acidic media and can be effectively extracted into MILs.
Similar behavior has been reported for estrogen extraction using IL-dispersive LLME
(DLLME) and stir bar sorptive extraction [33]. In a traditional LLE, the addition of salt
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phase due to a salting-out effect, thus increasing the recovery. This effect was evidenced in
the extraction recoveries of estrogens, which increased with addition of salt. Extraction
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not significant (p > 0.05). p-values at 95% confidence level indicated that extraction time
affected the extraction recoveries of all analytes and their analytical responses, while salt
addition, pH, and stirring rate influenced the extraction recoveries of E1, E2, and E3.
After modeling the responses, we used the desirability function (D) to find those extraction conditions that provide maximum extraction recoveries of all analytes. Following these
conditions, we executed the optimization procedure and obtained the response surfaces for
global D (Figure 4). Under the above-mentioned optimization criteria, the experimental conditions corresponding to one maximum in the desirability function (D = 0.901) were pH: 4.5;
NaCl concentration: 6% (w/v); extraction time: 60 min; and stirring rate: 300 rpm. The
suggested experimental values after optimization procedure were corroborated through a
comparison between experimental and theoretical recoveries. No significant differences
between predicted and experimental values were found.
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these conditions, we executed the optimization procedure and obtained the response surfaces for global D (Figure 4). Under the above-mentioned optimization criteria, the experimental conditions corresponding to one maximum in the desirability function (D = 0.901)
were pH: 4.5; NaCl concentration: 6% (w/v); extraction time: 60 min; and stirring rate: 300
rpm. The suggested experimental values after optimization procedure were 6corroborated
of 12
through a comparison between experimental and theoretical recoveries. No significant
differences between predicted and experimental values were found.
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(for
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and
E2)
and
1.0
(for
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and
E1)
and
up
−1
μg L for analytes with correlation coefficients (r) higher than 0.9980. Limits of to
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−
1
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onthe
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4
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L
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of thedeviation
method(RSD),
was evaluated
µgrange
L−1 from
(n = 4.1%
6) and
asThe extraction efficiencies (EF), defined as the ratio of the concentration of analyte determined
relative standard deviation (RSD), with results in the range from 4.1% (E2) to 5.0% (E1). The
by HPLC to the initial concentration of analyte in the sample, were higher than 98% for
extraction efficiencies
the(EF),
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analytes. as the ratio of the concentration of analyte determined
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in the
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three analytes.
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(Table 1).including
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times
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a normal
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separation
(α), effiworking
day
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h
of
analysis).
ciency factor (N), and resolution equation (R) were also calculated to evaluate the methodology (Table 1). Reproducible retention times were observed throughout a normal working
day (8–12 h of analysis).
Table 1. Analytical parameters obtained with the proposed method.

Parameter
L−1 )

Calibration range (µg
Correlation coefficients (r)
LOD (µg L−1 )
RSD (%)
Retention time (min)
Capacity factor (k’)
Efficiency factor (N)
Separation factor (α)
Resolution (R)

E3

E2

EE2

0.5–1000
0.9986
0.2
4.1
14.9
2.69
5929

0.5–1000
0.9988
0.2
4.1
26.5
5.55
17,838

1–1000
0.9990
0.3
4.9
28.2
5.98
9864

2.06
14.8

1.08
1.76

E1
1–1000
0.9983
0.5
5.0
29.4
6.27
28,873
1.05
1.40

Water samples, including wastewater and tap and lake water were analyzed to evaluate the applicability and accuracy of the proposed method on real samples (Table 2).
Evaluation of results showed that concentrations of the target estrogens in these samples
were below limits of detection (LODs). Samples were then spiked with E1, E2, EE2, and E3
at two different concentrations, i.e., 5 and 20 µg L−1 , and recoveries were in the range of
88.5–99.6% and 88.4–99.9%, respectively (Table 2). Additionally, analytes did not show a
significant shift in retention time and/or sensitivity in the chromatographic analysis.
Table 2. Determination of estrogens in water samples (95% confidence interval; n = 3).

Tap Water
Analyte

Lake Water

Wastewater

Added
(µg L−1 )

Found
(µg L−1 )

Recovery
(%)

Found
(µg L−1 )

Recovery
(%)

Found
(µg L−1 )

Recovery
(%)

5.00

4.98 ± 0.25

99.6

4.89 ± 0.24

97.8

4.53 ± 0.23

90.6
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In Table 3, a comparison of the proposed methodology with other reported methods
that employ the same detector for estrogen determination is presented. Due to low solvent
consumption (0.1 mL methanol) and selection of IL as organic phase (26 mg), which avoids
solvent volatilization into the environment, the proposed method is in good agreement
with green chemistry principles. In comparison with solid-phase-based microextraction
techniques, the IL-on SBME provides comparable or lower extraction times. Furthermore,
in comparison with DLLME-based methodologies, the use of magnetic counter-anions
simplifies the extraction since formation of emulsions and centrifugation step are avoided.
Evaluation of the analytical performance of this methodology indicates good repeatability and detection limits, which are comparable to most previously reported extraction
procedures.
Table 3. Comparison of the proposed method with microextraction-based methodologies previously reported for the
determination of estrogens in water samples prior to HPLC-UV.

Technique

Estrogens

Extraction
Time (min)

LOD
(µg L−1 )

RSD
(%)

Sample Consumption
(mL)

Calibration
Range
(µg L−1 )

Reference

UASEME

E1, E2,
diethylstilbestrol
(DES)

<15

0.1–0.2

<1.28

10

10–1000

[35]

SBSE-LD

E1, E2, EE2, DES,
mestranol,
progesterone,
norethisterone,
norgestrel

120

0.3–1.0

<17.1

30

1.25–50.0

[36]

HF-LLLME

E1, E2, E3, EE2,
DES, dienestrol
(DIS), bisphenol-A,
4-t-octylphenol

50

0.11–0.66

<8.4

6

0.5–500
2–1000

[37]

HF-LPME

E2

60

0.1

5.5

140

1–1000

[38]

DLLME

E1, E2, DES

<11

0.008–0.010

<4.9

5

0.020–500.0

[39]

DLLME

E1, E2, EE2

0.5

0.003–0.020

—a

8

0.01–0.5
(E2, EE2)
0.04–4 (E1)

[40]

Table 3. Cont.

Technique

Estrogens

Extraction
Time (min)

LOD
(µg L−1 )

RSD
(%)

Sample
Consumption
(mL)

Calibration
Range
(µg L−1 )

Reference

IL-DLLME

E1, E2, E3, EE2, DES

<21

0.08–0.5

<5.7

5

0.2–100
1.0–100

[33]

IL-DLLME

E1, E2, EE2, DES,
DIS, hexestrol

1

13.8–37.1

<8.3

—a

1.5–1732

[41]

IL-on SBME

E1, E2, E3, EE2

60

0.2–0.5

< 5.1

15

1.0–1000

Present
work

Abbreviations: UASEME: ultrasound-assisted surfactant-enhanced emulsification microextraction; SBSE-LD: stir bar sorptive extraction
with in situ derivatization and liquid desorption; HF: hollow fiber liquid-phase microextraction; HF-LLLME: HF-based liquid–liquid–liquid
micro-extraction; DLLME: dispersive liquid–liquid microextraction. a Not reported.
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3. Materials and Methods
Reagents: Trihexyl(tetradecyl)phosphonium chloride ([P66614 ]Cl, 95%), potassium
ferricyanide (K3 [Fe(CN)6 ], 99.5%), iron(III) chloride hexahydrate (FeCl3 .6H2 O, ≥99.9%),
dysprosium(III) oxide (Dy2 O3 , 99.9%), perchloric acid (HClO4 , 70%), estrone (E1), 17βestradiol (E2), estriol (E3), and 17α-ethinylestradiol (EE2) were purchased from SigmaAldrich (Milwaukee, WI, USA) and used without further purification. Methanol and
acetonitrile were of chromatographic, anhydrous grade (Sigma-Aldrich), while water and
other organic solvents were of HPLC grade (J. T. Baker, Phillipsburg, NJ, USA). Ultrapure
water (18 MΩ cm) was obtained using a Millipore Continental Water System (Bedford, MA,
USA).
A 0.85 g L−1 stock standard solution of each hormone, i.e., E3, E2, EE2, and E1 was
prepared by dissolving an appropriate amount into methanol. Stock solutions were stored
at 4 ◦ C. Mixed standard stock solutions containing estrogens were prepared similarly in
methanol and stored at 4 ◦ C. Lower concentrations were prepared by diluting the stock
solution with methanol. Working solutions were prepared daily by diluting standard stock
solutions with deionized (DI) water. Absorbance spectra of stock solutions (background
solvent mixture: water/acetonitrile (40:60)) were measured in the wavelength range of 200
to 600 nm using a Lambda 750 UV–VIS spectrometer (Perkin Elmer, Shelton, CT, USA),
equipped with a 1 cm quartz cuvette.
Synthesis of the MILs: The MIL trihexyl(tetradecyl)phosphonium tetrachloroferrate(III) ([P66614 ][FeCl4 ]) was synthesized according to a previously reported procedure [11].
Briefly, FeCl3 .6H2 O was mixed with P66614 Cl in a 1:1 molar ratio after both salts were dissolved in anhydrous methanol. The resultant solution was stirred at room temperature for
24 h. After complete reaction, methanol was removed using a rotavapor. The resultant
liquid was washed with distilled water and then removed from the hydrophobic MIL using
a Pasteur pipet. The MIL was freeze-dried overnight using a lyophilizer to remove residual
traces of water. Elemental analysis: calculated for C32 H68 Cl4 FeP: C, 56.40; H, 10.06; Cl,
20.81; Fe, 8.19; P, 4.24%. Found: C, 56.46; H, 10.01%. The Cl, Fe, and P concentrations were
determined using inductively coupled plasma mass spectrometry (ICP–MS) as 20.75, 8.21,
and 4.48%, respectively, which were in good agreement with calculated concentrations.
Trihexyl(tetradecyl)phosphonium ferricyanide ([P66614 ]3 [Fe(CN)6 ]) was synthesized
using an anion-exchange reaction between [P66614 ]Cl and K3 [Fe(CN)6 ]. Briefly, a solution of
P66614 Cl in dichloromethane (DCM) and a supersaturated aqueous solution of K3 [Fe(CN)6 ]
were mixed at a 3:1.5 ratio. After 48 h stirring, the water phase was removed using a
Pasteur pipet and the organic phase was washed with deionized water to remove the
potassium chloride by-product. Finally, the product [P66614 ]3 [Fe(CN)6 ] was dried under
vacuum. Elemental analysis: calculated for C102 H204 N6 FeP3 : C, 73.64; H, 12.36; N, 5.05;
Fe, 3.36; P, 5.59%. Found: C, 73.55; H, 12.17; N, 4.97%. The P and Fe concentrations were
determined using ICP–MS as 5.51 and 3.28%, respectively, which were in good agreement
with the calculated concentrations.
Trihexyl(tetradecyl)phosphonium dysprosium thiocyanate ([P66614 ]5 [Dy(SCN)8 ]) was
synthesized by reacting trihexyl(tetradecyl)phosphonium thiocyanate ([P66614 ][SCN]) with
dysprosium perchlorate hexahydrate (Dy(ClO4 )3 .6H2 O), according to a reported procedure [28]. Briefly, P66614 Cl was mixed with KSCN in a 1:2 molar ratio after both salts were
dissolved in dry acetonitrile. The reaction mixture was stirred for 2 days. After filtration,
the solution was dried under vacuum. Cold DCM was then added to the mixture to
dissolve the product and precipitate out the extra KSCN, which was removed by filtering.
Subsequently, the product, [P66614 ][SCN], was dried under vacuum. Dy(ClO4 )3 ·6H2 O
was obtained by dissolving Dy2 O3 in 60% aqueous HClO4 in a 1:1 molar ratio, and subsequent removal of the excess water under vacuum. Finally, [P66614 ][SCN], KSCN, and
Dy(ClO4 )3 ·6H2 O were mixed at a molar ratio of 5:3:1 and stirred (24 h) in dry acetonitrile to
obtain [P66614 ]5 [Dy(SCN)8 ]. During stirring, most of the KClO4 precipitated. To remove the
remaining KClO4 , the procedure described above to remove excess salt was applied. The
final product, [P66614 ]5 [Dy(SCN)8 ], was then dried under vacuum. Finally, a light orange
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liquid was obtained. Elemental analysis: calculated for C168 H340 N8 DyS8 P5 : C, 66.24; H,
11.25; N, 3.68; Dy, 5.33; P, 5.08; S, 8.42%. Found: C, 66.17; H, 11.15; N, 3.68%. The P and Dy
concentrations were determined using ICP–MS as 5.00 and 5.27%, respectively, which were
in good agreement with calculated concentrations.
Viscosity of [P66614 ]3 [Fe(CN)6 ] and [P66614 ]5 [Dy(SCN)8 ]: Viscosity of the MILs at room
temperature was measured using a TA Instruments rheometer (AR1000, New Castle, DE,
USA). Plate temperature was maintained at 25 ◦ C, and the plate geometry was used with
a gap of 300 µm. In the first measurement, the viscosity was measured at constant shear
rates (0.02, 0.1, 0.5, 1.0, 10, 25, 50, and 100 s−1 ). Each shear rate was held for 20 s and
the measurement was averaged over 2 s intervals. In the second test, the shear rate was
ramped from 0 to 100 s−1 , over 300 s time intervals. In each test, samples were loaded and
allowed to thermally equilibrate for 15 s before testing.
Determination of octanol/water partition coefficient: MILs at several concentrations
(0.5–1.5 mmol L−1 ) were dissolved in water-saturated octanol. The highest peak as determined using the UV–VIS spectrum of the solution was chosen to build a calibration curve.
A 1:1 (v/v) ratio of water saturated with octanol and octanol saturated with water was
used to partition the MILs. Afterwards, the solution was stirred for 2 to 4 h. Tubes were
then centrifuged and separated at 25 ◦ C. MILs concentrations in the octanol phase were
measured using UV–VIS spectrometry.
The equation K(o/w) = [MIL]o,e /[MIL]w,e was used to calculate the partition coefficient,
where [MIL]o,e and [MIL]w,e represent respective MIL concentrations in octanol and water
phases at equilibrium. MIL concentration in the water phase at equilibrium was calculated
as the difference between initial MIL concentration in the octanol phase and the final MIL
concentration in the octanol phase, i.e., after water addition and stirring.
Sample collection and conditioning: For tap water sample collection, domestic water
was allowed to run for 20 min, and approximately 1000 mL was collected in a beaker.
Tap water samples were analyzed immediately after sampling. Lake water samples were
collected in Pyrex borosilicate amber glass containers after rinsing 3 times with water
sample before collection. A sample volume of 1000 mL was collected at a depth of 5 cm
below the surface. Wastewater samples were acquired from the local wastewater treatment
plant (Baton Rouge, LA, USA). Once received, lake water and wastewater samples were
immediately filtered through 0.45 µm pore size membrane filters (Millipore Corporation,
Bedford, MA, USA) due to high concentrations of TDS (total dissolved solids) in these
samples. All samples were stored at 4 ◦ C in brown glass bottles (Nalgene; Nalge, Rochester,
NY, USA) and analyzed as soon as possible.
Magnetic-based microextraction procedure: In a capped glass vial (20 mL), 26.0 ± 1.0 mg
[P66614 ]5 [Fe(CN)6 ] was placed onto a stir bar (10 × 3 mm). Then, a 15 mL aqueous sample was added with a final concentration of 0.4 g L−1 acetate-acetic acid buffer (pH 4.5)
and 5.9% (w/v) NaCl. Due to strong paramagnetism and relatively high viscosity of
[P66614 ]5 [Fe(CN)6 ], this IL remained attached to the stir bar during stirring time (considered
as extraction time), as can be observed in Figure 1a. After extraction (60 min, 300 rpm), the
aqueous phase was discarded, the MIL phase was dissolved with methanol (0.1 mL), and
estrogens were determined by HPLC–UV. Extraction conditions are summarized in Table 4.
HPLC analysis: Separation and quantitative analyses of estrogens in aqueous solutions
were performed with a Shimadzu HPLC system (Kyoto, Japan) consisting of an SCL-10A
system controller, two LC-10AD pumps, a DGU-14A degasser, a SIL-10AD autosampler,
and an SPD-10AV UV–VIS detector (λ = 200 nm). Separation of analytes was performed
at room temperature on a Phenomenex Luna C18 column, 100 Å pore size, 4 µm particle
size, 250 mm × 4.6 mm i.d. column containing a guard column (Phenomenex, Torrance,
CA, USA). Analytes were eluted using a gradient program at a flow rate of 0.5 mL min−1
with water (solvent A) and acetonitrile (solvent B). After 5 min of an isocratic run (70% A
and 30% B), solvent A was decreased linearly (increasing B) and reached 20% (80% B) at
35 min. The column was then cleaned with 100% B for 5 min. After acquisition, 10 min post
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time was set for column equilibration at the initial solvent composition. Sample injection
volume was 20 µL. Instrumental conditions are summarized in Table 4.
Table 4. Experimental and instrumental conditions for estrogens determination.

Extraction Conditions
Pre-treated sample volume (mL)
MIL mass (mg)
pH
NaCl concentration (% (w/v))
Extraction time (min)
Stirring rate (rpm)

15
26
4.5
6
60
300

HPLC Instrumental Conditions
Selected absorption wavelength
Injection volume
LC column
Flow rate
Column temperature
Mobile phases

200 nm
20 µL
Luna C18 (4 µm × 4.6 mm i.d. × 250 mm)
0.5 mL min−1
25 ◦ C
A: water
B: acetonitrile

HPLC Gradient Program
Step

Initial Time (min)

Final Time (min)

Final Composition of Mobile
Phase

0
1
2

0.0
5.0
35

5.0
35
40

70% A; 30% B (isocratic)
20% A; 80% B (linear gradient)
100% B (isocratic)

4. Conclusions
In this study, properties of different MILs were explored in combination with microextraction techniques for determination of estrogens. The extraction methods evaluated used
magnetic and viscosity properties of the MILs. The MIL [P66614 ]3 [Fe(CN)6 ] was selected for
extraction of estrogens due to its higher hydrophobicity, lower cost of starting components,
and simpler synthesis. Extraction recoveries were significantly influenced by pH of the
aqueous phase, salt addition, properties of ILs, extraction time, and stirring rate. Moreover,
extraction recovery varied depending on the MIL selected under the same conditions.
A multivariate approach for optimization allowed successful determination of optimal
microextraction conditions, resulting in LODs of 0.2–0.5 µL and low solvent consumption
(lower than 0.13 mL solvent per 15 mL sample). This novel, simple, and low-cost approach
for determination of estrogens was then used for analyses of several types of water samples,
including wastewater, with recoveries in the range of 88.4–99.9%. Although the optimized
extraction technique was combined with UV detection, other more sensitive techniques,
such as mass spectrometry or fluorescence, can be used in combination with the developed
microextraction technique to decrease the limit of detection of the methodology.
All in all, the present study confirms the great potential of MILs for extractions,
separations, and preconcentration of organic analytes. In addition to properties such as
hydrophobicity and viscosity, optimization of the MIL could be performed to increase
extraction efficiency through, for example, the interaction between the IL cation and the
analyte, or to monitor the faith of the MIL through fluorescent properties of some of the
MILs. The design of the MIL reported here allows considerable versatility that has rarely
been explored in the analytical field, and this study demonstrates the considerable potential
of this approach.
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